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Abstract: We tested the hypotheses that potential  egg  predators,  crayfish  Procambarus  nigrocinctus  and  dytiscid 
Cybister sp. larvae, would accelerate the timing of hatching and  that  a  larval  predator,  dragonfly  naiad  Anax  junius, 
would delay hatching in the southern leopard frog (Rana sphenocephala). We  also tested the hypothesis that differences       
in response would be proportional to predator lethality. Our results  indicate  that  our  hypotheses  were  partially  sup- 
ported. The presence of an efficient egg predator  (crayfish)  induces  hatching  faster  than  a  less  efficient  predator 
(dytiscid larvae). However, the presence of a larval predator (naiads) did not delay hatching. Eggs that developed in the 
presence of egg predators produced hatchlings that were shorter (total length) than those reared in the presence of lar-          
val predators or those reared in the absence of predators. We suggest that earlier hatching times should decrease vul-  
nerability to egg predators but result in shorter hatchlings. 
Résumé : Nous avons éprouvé les hypothèses selon lesquelles des prédateurs potentiels des oeufs, l’écrevisse Procam-   
barus nigrocinctus et la larve de dytique Cybister sp., font anticiper le moment de l’éclosion chez la grenouille léopard     
du sud (Rana sphenocephala), et un prédateur des larves, la larve de la libellule Anax junius, retarde l’éclosion. Nous      
avons aussi vérifié l’hypothèse qui veut que les différences de réaction varient en proportion du caractère létal du pré-   
dateur. Nos résultats appuient en partie  ces  hypothèses.  La  présence  d’un  prédateur  efficace  (écrevisse)  suscite 
l’éclosion plus rapidement que celle d’un prédateur moins efficace (larve de dytique). Cependant, la présence d’un pré-  
dateur des larves (larve de libellule) ne retarde pas l’éclosion. Les oeufs qui se développent en présence de prédateurs       
des oeufs produisent des larves néonates plus courtes (en longueur totale) que ceux élevés en présence de prédateurs         
des larves ou en l’absence de prédateurs. Nous croyons que les éclosions devancées réduisent la vulnérabilité aux pré-  
dateurs des oeufs, mais elles entraînent la production de larves néonates plus courtes. 
[Traduit par la Rédaction] 
Introduction 
Organisms occupying environments with a variable, but 
predictable, predator composition often develop alternative 
phenotypes that increase survival (Tollrian and Harvell 
1999). In amphibians, these responses may take the form of 
changes in morphology (McCollum and Van Buskirk 1996; 
Van Buskirk and Schmidt 2000), behavior (Skelly 1997), or 
timing of life-history switch points, such as metamorphosis 
(Wilbur and Fauth 1990) and hatching (Sih and Moore 1993; 
Warkentin 1995). 
Antipredator responses often reduce time available for 
other activities, such as feeding and reproduction (reviewed 
by Lima and Dill 1990). Also, it has been demonstrated that 
predators may differ in their ability to capture and consume 
prey (e.g., Kiesecker et al. 1996; Relyea 2001a). Therefore,  
if prey respond to all predators equally, unnecessary reduc- 
tions in growth and fecundity may be incurred. Thus, it is 
thought to be beneficial for prey to evaluate predator threat 
and respond accordingly (Sih 1987; Lima and Dill 1990; 
Lima 1998). Anuran larvae can distinguish between different 
predators (Relyea 2001a, 2001b; Van Buskirk 2001), as well 
as nonpredators (Kiesecker et al. 1996). However, the hy- 
pothesized adjustment of antipredator responses to threat 
from multiple species of predator has not been supported 
(Relyea 2001a). 
Since the seminal work of Wilbur and Collins (1973), am- 
phibians have been commonly used in the study of life- 
history changes. Factors such as metamorph size and timing 
of life-history switch points are influenced by pond perma- 
nence (Newman 1988) and predation (Wilbur and Fauth  
1990; Warkentin 1995; Sih and Moore 1993). After a life- 
history change, the suite of potential predators may change 
significantly (Werner and Gilliam 1984). Theoretical  
(Werner 1986) as well as empirical studies (Sih and Moore 
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1993; Warkentin 1995) suggest that amphibians take advan- 
tage of these changes and adjust the timing of life-history 
switch points to reduce predation. For example, some anu- 
rans shorten the embryonic stage (accelerate hatching) as a 
response to egg predators (Warkentin 1995; Chivers et al. 
2001; Saenz et al. 2003). Conversely, in the salamander 
Ambystoma barbouri, presence of larval predators increases 
the duration of the embryonic stage, delaying hatching (Sih 
and Moore 1993; Moore et al. 1996). Changes in the timing 
of hatching due to the presence of predators may result in 
morphological differences among hatchlings that  may  in  
turn affect survivorship in the next (larval) life stage (Sih   
and Moore 1993; Moore et al. 1996; Warkentin 1999a, 
1999b). 
The focus of this study was to experimentally determine 
the effects of different predators on the timing of hatching in 
the southern leopard frog (Rana sphenocephala). Our hy- 
potheses were (i) different predator species pose different 
threats to R. sphenocephala eggs, (ii) predators that readily 
consume eggs will accelerate hatching, while predators that 
pose the greatest threat during the larval life stage will delay 
hatching, (iii) the timing of hatching should be relative to 
predator threat, where voracious egg predators accelerate 
hatching more than egg predators that pose a  moderate  
threat, (iv) differential timing of hatching may result in dif- 
ferences in hatchling morphology (i.e., early hatching may 
result in shorter hatchlings and delayed hatching may result  
in longer hatchlings). 
 
Materials and methods 
Predators 
This study used common predators that coexist with 
R. sphenocephala eggs and larvae in eastern Texas. These 
included the crayfish Procambarus nigrocinctus, the dytiscid 
Cybister sp. larvae, and the dragonfly naiad Anax junius. 
Crayfish have been cited as a larval and egg predator on am- 
phibians (Figiel and Semlitsch 1991) and are a significant 
threat to R. sphenocephala eggs (Saenz et al. 2003). Dytiscid 
larvae are active foragers (J.B.J., D.S., and C.K.A., personal 
observation); thus, they may potentially prey on eggs.  
Finally, A. junius naiads have been shown to inflict consider- 
able mortality on anuran larvae (Brockelman 1969; Van 
Buskirk 1988). Generally, prey movement is required  to  
elicit an attack response (Folsom and Collins 1984). There- 
fore, predation on eggs by naiads seems unlikely, based on 
their foraging strategy; however, this remains to be tested. 
We collected R. sphenocephala egg masses (N = 20), 
dytiscid larvae (N = 20, 40–55 mm total length), naiads (N = 
20, 35–45 mm  total  length),  and  crayfish  (N  =  20,  75–  
90 mm total length) from the Stephen F. Austin Experimen- 
tal Forest and the Davy  Crocket  National  Forest  on  20–  
21 January 2002. The eggs were at approximately stage 4–5 
(Gosner 1960). Our experimental trials began immediately 
after eggs were obtained. All animals used in this study were 
cared for in accordance with the guidelines of the Canadian 
Council on Animal Care. 
 
Predator threat experiment 
We added approximately 2 L of aged tap water and one of 
three predators (crayfish, dytiscid larva, or naiad) to three 
 
3-L plastic tubs (19 cm × 9 cm × 33.5 cm). Predators were 
not fed 24 h prior to the start of this experiment. We then 
placed 10 eggs from a single R. sphenocephala  egg mass 
(full siblings) in each tub with their respective predator. 
These three tubs constituted a block, which was replicated 
with 20 different egg masses (assumed to be unrelated). Af- 
ter 24 h, we counted the number of eggs eaten by each pred- 
ator and the number of predators that ate eggs. Data were 
arcsine square-root transformed and the mean of each treat- 
ment was calculated. Treatment means were subjected to an 
unpaired Student’s t test to compare the threat posed by the 
respective egg predators (crayfish and dytiscid larvae). Data 
on the number of egg predators eating in  each  treatment 
were compared using Fisher’s exact test. 
 
Predator effects on hatching experiment 
We added 2  L  of  aged  tap  water  and  a  plastic  cage  
(14 cm × 9 cm × 14 cm), which was covered with fiberglass 
screening to  allow  water  flow,  to  six  3-L  plastic  tubs   
(19 cm × 9 cm × 33.5 cm). Each cage received one of the 
following five predator treatments: unfed crayfish, fed 
dytiscid larva, unfed dytiscid larva, fed naiad, unfed naiad. 
The sixth cage remained empty, which represented our con- 
trol. We removed six 20-egg clumps from each egg mass and 
assigned each to a different tub. Therefore, we blocked by 
egg mass so that each replicate contained full-sibling eggs. 
Our experiment contained 20 replicates (egg masses as- 
sumed to be unrelated). Predators in the fed predator treat- 
ments were fed one R. sphenocephala larva once daily. We 
monitored each tub once an hour. We defined hatching as the 
point at which one half the hatchlings had left the jelly 
(Laurila et al. 2001). Once one half of the hatchlings had left 
the jelly, we pulled the tub from the experiment and pre- 
served the hatchlings and the remainder of the egg mass in 
10%  formalin.  Crayfish  are  known  to  induce  hatching   in 
R. sphenocephala eggs even if not fed (Saenz et al. 2003); 
therefore, we did not have a fed crayfish treatment in this 
study. Five blocks were removed from this experiment be- 
cause of a pathogenic infection (water mold or fungus). The 
number of hours to hatching for each tub was recorded and 
treatments were compared using a randomized block  
ANOVA followed by Tukey’s studentized range test. 
 
Hatchling morphology 
Each hatchling was measured with calipers under a dis- 
section scope. Because of the small size of the hatchlings 
(4.5–7 mm), we only measured total length. We were unable 
to determine hatchling developmental stage (Gosner 1960) 
because a number of the characters used to determine devel- 
opment stage were unavailable post mortem. The  mean  
value of total length for each tub was calculated and treat- 
ments were compared using a randomized block  ANOVA 
with Tukey’s studentized range test. 
 
Results 
Predator threat to eggs 
Naiads did not eat R. sphenocephala eggs in our experi- 
ment (Fig. 1). Egg consumption by crayfish and dytiscid lar- 
vae differed significantly (t = 7.46, P ≤ 0.001). Crayfish 
proved to be the greatest threat to R. sphenocephala eggs in 
© 2003 NRC Canada  
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Fig. 1. Results of the experiment to determine the relative  consumption  patterns  of  predators  (crayfish  Procambarus  nigrocinctus, 
dytiscid Cybister sp. larvae, and naiad Anax junius, respectively)  on  Rana  sphenocephala  eggs.  (A)  Percentage  of  R.  sphenocephala 
eggs eaten by crayfish, dytiscid larvae, and naiads. (B) Percentage of crayfish, dytiscid larvae, and naiads consuming  R. sphenocephala   
eggs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
our experiment, consuming 80.5% of the eggs (Fig. 1A). 
Dytiscid larvae consumed only 9.5% of the eggs (Fig. 1A). 
The number of crayfish eating eggs differed significantly 
from that of the dytiscid larvae (Fisher’s exact test, P ≤ 
0.001). A majority (90%) of the crayfish ate eggs (Fig. 1B). 
Only 30% of the dytiscid larvae consumed R. sphenocephala 
eggs (Fig. 1B). 
 
Predator effects on timing of hatching 
Predator treatment had a significant effect on timing of 
hatching (F[14] = 16.47, P < 0.001). Crayfish significantly 
shortened the length of time to hatching compared with the 
other treatments (Fig. 2). Unfed dytiscid larvae significantly 
accelerated hatching compared with fed naiad, fed dytiscid 
larvae, and control treatments (Fig. 2). The naiad and fed 
dytiscid treatments did not differ significantly from the con- 
trol treatment (Fig. 2). 
 
Hatchling morphology 
We  found  significant  differences  in  the  total  length  of 
R.  sphenocephala  hatchlings  between  predator  treatments 
(F[5] = 8.87, P < 0.001). In the presence of crayfish, 
hatchlings emerged significantly shorter (total length) than 
hatchlings in the other two treatments (Fig. 3). Hatchlings in 
the presence of unfed dytiscid larvae were significantly 
shorter than hatchlings in the control but did not differ from 
the fed dytiscid larvae or either naiad treatment (Fig. 3). 
 
 
Discussion 
As we had hypothesized, R. sphenocephala adjusted the 
timing of hatching differently in the presence of different 
predators. Crayfish consumed a significantly larger propor- 
tion of R. sphenocephala eggs than dytiscid larvae, and cray- 
fish induced significantly faster hatching  than  dytiscid 
larvae. Similar differential responses occur in the red-eyed 
treefrog (Agalychnis callidryas) with respect to egg preda-  
tion by two functionally different predators, wasps and 
snakes. Snakes attack the egg mass and as a result induce 
hatching within the entire mass. Wasps disturb the egg mass 
considerably less than snakes, as they predate one egg at a 
© 2003 NRC Canada  
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Fig. 2. Results of ANOVA of mean numbers of hours to hatching in R. sphenocephala eggs in the crayfish, unfed dytiscid larvae, fed  
dytiscid larvae, unfed naiad, fed naiad, and control treatments. NS, not significant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Results of ANOVA of mean of total length of R. sphenocephala hatchlings hatched from the crayfish, unfed dytiscid larvae, fed 
dytiscid larvae, unfed naiad, fed naiad, and control treatments. NS, not significant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
time, which causes only individual eggs to hatch (Warkentin 
2000). 
Dytiscid larvae fed R. sphenocephala tadpoles did not af- 
fect timing of hatching, although the unfed treatment did 
significantly accelerate hatching (Fig. 2). Cues produced by 
larval conspecifics when consumed by predators may indi- 
cate that a larval predator is present (Belden et al. 2000). In 
such a situation, accelerated hatching may not decrease pre- 
dation on eggs. Both the unfed crayfish and the unfed  
dytiscid larvae accelerated hatching. Potential egg predators 
may be labeled by default in such instances when no 
conspecific cues are available. 
Our data suggest that naiads are not egg predators, as they 
did not consume any eggs in our trials (Fig. 1). We hypothe- 
sized that the presence of such a larval predator would ex- 
tend the embryonic stage. We did not observe this in our 
experiment and suggest three possible reasons. First, naiads 
may not significantly prey on hatchlings. Therefore, exten- 
sion of the embryonic stage may not be of any  benefit  
against these predators. This seems feasible considering that 
hatchlings remain relatively immobile until the mouthparts 
open (J.B.J., D.S., and C.K.A., personal  observation)  at 
stage 21 (Gosner 1960) and food can be taken from the envi- 
ronment. Second, R. sphenocephala eggs may be unable to 
detect or respond to chemical signals that would  inform  
them of the predator environment, essentially a phenotype– 
environment mismatch (Moran 1992; Getty 1996; DeWitt et 
al. 1998). Third, R. sphenocephala may use different anti- 
predator defenses against larval predators rather than an al- 
teration in the timing of hatching. 
Changes in morphology co-occurred with the effects of 
predators on the timing of hatching; hatching early resulted 
© 2003 NRC Canada  
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in shorter hatchlings. Therefore, we suggest that differences 
in hatchling size are likely a direct consequence of hatching 
early. 
Early hatching may have a cost. Shorter total length may 
indicate smaller size, and smaller size at hatching may in- 
crease predation risk (Warkentin 1995, 1999a, 1999b). 
Numerous models concerning foraging and life history as- 
sume that prey can perceive the level of threat that predators 
pose and that antipredator responses are proportional to that 
threat (reviewed by Van Buskirk and Arioli 2002). Yet, this 
hypothesis has received little empirical attention with regard 
to anurans (e.g., Relyea 2001a; Van Buskirk and Arioli 
2002). Van Buskirk and Arioli (2002) suggested that anti-  
predator morphological features (tail depth) increase relative 
to elevated consumption of conspecifics from one species of 
predator. Relyea (2001a) evaluated the threat of numerous 
predator species and then experimentally examined several 
morphological and behavioral antipredator responses in a 
number of species of larval anurans. The author found that 
larval anurans respond to predators specifically, utilizing dif- 
ferent defenses against different predators. However, evi- 
dence of increases in response relating to increasing threat 
was not found. If a defense is ineffective in matching preda- 
tor threat, other defenses may increase to mediate  this  
deficit, i.e., trait compensation (DeWitt et al. 1999). Unfor- 
tunately, few studies have addressed trait compensation in 
anurans (e.g., Brown and Taylor 1995). Future work con- 
cerning the hypothesis of antipredator response being 
commensurate to predator threat should examine trait com- 
pensation between multiple phenotypic characters. 
In conclusion, our data suggest that R. sphenocephala ac- 
celerate hatching faster with more dangerous predators. Ad- 
ditionally, the timing of hatching in R. sphenocephala is 
influenced by predator diet. More work should involve 
chemical cues produced by eggs and their subsequent effect 
on the timing of hatching and hatchling morphology. 
 
Acknowledgments 
We thank K.A. Baum, K.M. Warkentin, L.D. McBrayer, 
and Cleo Nentwich for their helpful comments on the manu- 
script. We also thank N.E. Koerth for her help with the sta- 
tistical analysis. 
 
References 
Belden, L.K., Wildy, E.L., Hatch, A.C., and Blaustein, A.R. 2000. 
Juvenile western toads, Bufo boreas, avoid chemical cues of 
snakes fed juvenile, but not larval, conspecifics. Anim. Behav.  
59: 871–875. 
Brockelman, W.Y. 1969. An analysis of density effects and preda- 
tion in Bufo americanus tadpoles. Ecology, 50: 632–644. 
Brown, R.M., and Taylor, D.H. 1995. Compensatory escape mode 
trade-offs between swimming performance and maneuvering 
behavior through larval ontogeny of the wood frog, Rana 
sylvatica. Copeia, 1995: 1–7. 
Chivers, D.P., Kiesecker, J.M., Marco, A., DeVito, J., Anderson, 
M.T., and Blaustein, A.R. 2001. Predator-induced life history 
changes in amphibians: egg predation induces hatching. Oikos, 
92: 135–142. 
DeWitt, T.J., Sih, A., and Wilson, D.S. 1998. The cost and limits of 
phenotypic plasticity. Trends Ecol. Evol. 13: 77–81. 
DeWitt, T.J., Sih, A., Wilson, D.S., and Hucko, J.A. 1999. Trait 
compensation and cospecialization in a freshwater snail: size, 
shape, and antipredator behaviour. Anim. Behav. 58: 397–407. 
Figiel, C.R., Jr., and Semlitsch, R.D. 1991. Effects of nonlethal in- 
jury and habitat complexity on predation in tadpole populations. 
Can. J. Zool. 69: 830–834. 
Folsom, T.C., and Collins, N.C. 1984. The diet and foraging be- 
havior of the larval dragonfly Anax junius (Aeshnidae), with an 
assessment of the role of refuges and prey activity. Oikos, 42: 
105–113. 
Getty, T. 1996. The maintenance of phenotypic plasticity as a sig- 
nal detection problem. Am. Nat. 148: 378–385. 
Gosner, K.L. 1960. A simplified table for staging anuran embryos 
and larvae with notes on identification. Herpetologica, 16: 183– 
190. 
Kiesecker, J.M., Chivers, D.P.,  and Blaustein, A.R. 1996. The use  
of chemical cues in predator recognition by western toad tad- 
poles. Anim. Behav. 52: 1237–1245. 
Laurila, A., Crochet, P., and Merilä, J. 2001. Predation-induced ef- 
fects on hatchling morphology in the common frog (Rana 
temporaria). Can. J. Zool. 79: 926–930. 
Lima, S.L. 1998. Nonlethal effects in the ecology of predator–prey 
interactions: what are the ecological effects of anti-predator 
decision-making? Bioscience, 48: 25–34. 
Lima, S.L., and Dill, L.M. 1990. Behavioral decisions made under 
the risk of redation: a review and prospectus. Can. J. Zool. 68: 
619–640. 
McCollum, S.A., and Van  Buskirk, J. 1996. Costs and benefits of    
a predator-induced polyphenism in the gray treefrog Hyla 
chrysoscelis. Evolution, 50: 583–593. 
Moore, R.D., Newton, B., and, Sih, A. 1996. Delayed hatching as a 
response of streamside salamander eggs to chemical cues from 
predatory sunfish. Oikos, 7: 331–335. 
Moran, N.A. 1992. The evolutionary maintenance of phenotypic 
plasticity. Am. Nat. 139: 971–989. 
Newman, R.A. 1988. Adaptive plasticity in development in Scaphi- 
opus couchii tadpoles in desert ponds. Evolution, 42: 774–783. 
Relyea, R.A. 2001a. The relationship between predation risk and 
antipredator responses in larval anurans. Ecology, 82: 541–554. 
Relyea, R.A. 2001b. Morphological and behavioral plasticity of 
larval anurans in response to different predators. Ecology, 82: 
523–540. 
Saenz, D., Johnson, J.B., Adams, C.K., and Dayton, G.H. 2003. 
Accelerated hatching of southern leopard frog (Rana spheno- 
cephala) eggs in response to the presence of a crayfish 
(Procambarus nigrocinctus) predator. Copeia, 2003: 646–649. 
Sih, A. 1987. Predators and prey lifestyles: an evolutionary and 
ecological overview. In Predation: direct and indirect impacts on 
aquatic communities. Edited by W.C. Kerfoot and A. Sih. Uni- 
versity Press of New England, Hanover, N.H. pp. 203–224. 
Sih, A., and Moore, R.D. 1993. Delayed hatching of salamander 
eggs in response to enhanced larval predation risk.  Am.  Nat. 
142: 947–960. 
Skelly, D.K. 1997. Pond permanence and predation are powerful 
forces shaping the structure of tadpole communities. Am. Sci.   
85: 36–45. 
Tollrian, R., and Harvell, C.D. 1999. Why inducible defenses? In 
The ecology and evolution of induced defenses. Edited by R. 
Tollrian and C.D. Harvell. Princeton University Press, Princeton, 
N.J. pp. 1–32. 
Van Buskirk, J. 1988. Interactive effects of dragonfly predation in 
experimental pond communities. Ecology, 69: 856–867. 
Van Buskirk, J. 2001. Specific induced responses to different pred- 
ator species in anuran larvae. J. Evol. Biol. 14: 482–489. 
© 2003 NRC Canada  
Johnson et al. 1613 
 
Van Buskirk, J., and Arioli, M. 2002. Dosage response of an in- 
duced defense: how sensitive are tadpoles to predation risk? 
Ecology, 83: 1580–1585. 
Van Buskirk, J., and Schmidt, B.R. 2000. Predator-induced pheno- 
ypic plasticity in larval newts: trade-offs, selection, and variation 
in nature. Ecology, 81: 3009–3028. 
Warkentin, K.M. 1995. Adaptive plasticity in hatching age: a re- 
sponse to predation risk trade-offs. Proc. Natl. Acad. Sci. U.S.A. 
92: 3507–3510. 
Warkentin, K.M. 1999a. Effects of hatching age on development 
and hatchling morphology in the red-eyed treefrog, Agalychnis 
callidryas. Biol. J. Linn. Soc. 68: 443–470. 
Warkentin, K.M. 1999b. The development of behavioral defenses:   
a mechanistic analysis of vulnerability in red-eyed tree frog 
hatchlings. Behav. Ecol. 10: 251–262. 
 
Warkentin, K.M. 2000. Wasp predation and wasp-induced hatching 
of red-eyed treefrog eggs. Anim. Behav. 60: 503–510. 
Werner, E.E. 1986. Amphibian metamorphosis: growth rate, preda- 
tion risk, and the optimal size at transformation. Am. Nat. 128: 
319–341. 
Werner, E.E., and Gilliam, J.F. 1984. The ontogenetic niche and 
species interactions in size-structured populations. Annu. Rev. 
Ecol. Syst. 15: 393–425. 
Wilbur, H.M., and Collins, J.P. 1973. Ecological aspects of am- 
phibian metamorphosis. Science (Wash., D.C.), 182: 1305–1314. 
Wilbur, H.M., and Fauth, J.E. 1990. Experimental aquatic food 
webs: interactions between two predators and two prey.  Am.  
Nat. 135: 176–204. 
